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NITRIDE-BASED SEMICONDUCTOR
DEVICE AND METHOD FOR FABRICATING
THE SAME

TECHNICAL FIELD

The present invention relates to a nitride-based semicon-
ductor device such as a semiconductor laser that can be used
in the fields of optical mmformation processing and displays
and also relates to a method for fabricating such a device.

BACKGROUND ART

A violet semiconductor laser, made of Group I1I-V mitride
semiconductors (Al Ga, In, N (where 0O=x=1 and
0O=y=1) such as gallium nitride (GaN), i1s a key device for
realizing ultrahigh density recording by optical disk drives,
and 1s about to be actually used in consumer electronics
products. The output of a violet semiconductor laser must be
increased not just to enable high-speed writing on an optical
disk but also to develop new fields of technology including
application to laser displays. A conventional violet semicon-
ductor laser 1s disclosed in Non-Patent Document No. 1, for
example.

Recently, a GaN water has been regarded as a strong can-
didate for a watler for fabricating a nitride-based semiconduc-
tor device thereon. This 1s because a GaN wafer 1s superior in
the degree of crystal lattice matching and heat dissipation
ability to a sapphire water that has been used 1n the pertinent
art. Another advantage 1s that the GaN water has electrical
conductivity, whereas the sapphire wailer 1s an isulator. That
1s 10 say, a structure 1n which current also flows across a GalN
substrate can be adopted by arranging an additional electrode
on the back surface of the GaN substrate, too. If an electrode
1s arranged on the back surface of a GaN substrate with
clectrical conductivity, then the size (i.e., the chip area) of
cach semiconductor device can be reduced, thus increasing
the number of chips that can be made out of a single water. As
a result, the manufacturing cost can be reduced.

A GaN waler may be made in the following manner, for
example. First, a GaN single-layer film 1s grown on a sapphire
waler by an MOVPE process. Thereafter, a thick GaN film 1s
grown on the GalN single-layer film by a hydnde VPE
(HVPE) process, for example. And then the sapphire wafer 1s
removed.

A GaN wafler obtained in this manner has dislocations
(including edge dislocations, spiral dislocations and mixed
dislocations) at a density of about 5x10” cm™>. If the disloca-
tion density 1s that high, 1t 1s difficult to make highly reliable
semiconductor lasers. In addition, the uppermost surface of a
GaN water made by an HVPE or any other process may have
pits, hillocks and so on, and therefore, may sometimes have
an unevenness of about 0.1 mm. Such unevenness on the
principal surface of a GaN watfer will pose a big obstacle to a
photolithographic process, for example, thus decreasing the
production yield of devices.

To 1ron out such unevenness on the principal surface of a
waler, the principal surface of a water needs to be polished
and planarized. Since GaNN 1s highly resistant to chemicals, 1t
1s difficult to planarize the GaN water by chemical polishing,
and therefore, mechanical polishing 1s usually adopted. In
that case, however, the surface of the GaN wafer often gets
scratched and damages are often left in the vicimity of the
surfaces of crystals.

Besides, machining strains (residual strains) are often left
on the surface of the water and have an 1n-plane distribution
in many cases. When observed using an atomic force micro-
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scope (AFM), the scratched had a depth of several tens of um
and the root mean square (RMS), calculated on an area ot 50
um square, was 1.6 nm. If GaN crystals were grown as they
are on the principal surface of such a GaN water, then the
surfaces of crystals would be seriously affected by those
scratches.

To make the density of dislocations in the nitride-based
semiconductor layer that has been grown on a GalN waler
lower than that of the GalN wafer, an epitaxial lateral over-
growth (ELO) has been adopted. Hereinafter, the epitaxial
lateral overgrowth will be described with reference to FIGS.
12(a) through 12(d).

First, as shown 1n FIG. 12(a), a GaN water 1001 1s pro-
vided and a mask layer 1003 of S10,, 1s formed thereon. The
mask layer 1003 has striped openmings that selectively expose
regions of the principal surface of the water that will function
as a seed for crystal growth.

Next, as shown 1n FIG. 12(b), an epitaxial lateral over-
growth process 1s carried out as an MOVPE process, thereby
growing an n-GaN layer 1002 from the respective openings of
the mask layer 1003. In this process step, conditions for
growing GaN crystals less easily on the mask layer 1003 are
adopted. However, polycrystalline GalN sometimes precipi-
tates on the mask layer 1003, too. The GaN water 1001 often
has n-type conductivity. Thus, by supplying not only a source
gas of galltum nitride but also monosilane (S1H,,) and disilane
(S1,H,) onto the GaN water, a GaN layer 1002 having n-type
conductivity 1s formed.

If the n-GaN layer 1002 continues to be grown as shown 1n
FIG. 12(c¢), then adjacent portions of the n-GaN layer 1002
will soon be combined with each other, thus forming a single
continuous layer as shown 1n FIG. 12(d).

The n-GaN layer 1002 formed by such a process has
regions where the density of dislocations is reduced to 7x10°
cm™~ or less. If the device structure is fabricated over such
regions with a reduced density of dislocations, then the reli-
ability can be increased. However, if polycrystalline GalN
precipitates on the mask layer 1003 as shown 1 FIG. 12(5),
then crystallinity deteriorated regions 1004 will be produced
as shown 1n FIG. 12(c¢).

To further reduce the density of dislocations, Patent Docu-
ment No. 1 discloses a semiconductor device 1n which a mask
layer 1s formed 1n striped recesses and an air gap 1s provided
over the mask layer. FIG. 13 illustrates a structure including
an n-GaN wafer 101 1n which recesses are covered with a
mask layer 103 and an n-GaN layer 103 that has grown from
striped ridges. The n-GalN layer 103 includes low-dislocation
regions 104 with a relatively low density of dislocations and
high-dislocation regions 1035 with a relatively high density of
dislocations. A ridge stripe 106, defining a current 1injection
region, for example, 1s arranged on a low-dislocation region
104 on the n-GaN layer 102.

Non-Patent Document No. 1: Japanese Journal of Applied

Physics (Jpn. J. Appl. Phys.), Vol. 39. p. L647, 2000

Patent Document No. 1: Japanese Patent Application Laid-
Open Publication No. 2002-9004

DISCLOSURE OF INVENTION

Problems to be Solved by the Invention

The semiconductor laser disclosed in Patent Document No.
1 can minimize the deterioration of crystallinity due to the
polycrystalline GaN that has precipitated on the mask layer.
However, the present inventors discovered that 11 a structure
including an electrode on the back surface of a GaN substrate
was adopted, the desired laser oscillation could not be real-
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1zed easily as 1n the situation where the structure formed by
the method shown 1n FIG. 12 was adopted unless the voltage
applied between the electrodes was increased.

In order to overcome the problems described above, a
primary object of the present invention 1s to provide a highly
reliable nitride-based semiconductor device at a good yield.

Means for Solving the Problems

A nitride-based semiconductor device according to the
present invention includes a substrate structure with electrical
conductivity and a semiconductor multilayer structure that 1s
supported on the substrate structure. The principal surface of
the substrate structure has at least one vertical growth region,
which functions as a seed crystal for growing a nitride-based
semiconductor vertically, and a plurality of lateral growth
regions for allowing the nitride-based semiconductor that has
grown on the vertical growth region to grow laterally. The
sum 2X of the respective sizes of the vertical growth regions
as measured 1n a first direction, which 1s parallel to the prin-
cipal surface of the substrate structure, and the sum 2Y of the
respective sizes of the lateral growth regions as measured in
the first direction satisty the mequality 2X/2Y>1.0.

In one preferred embodiment, the substrate structure 1s
made ot Al ,Ga,, In N crystals (where x1+yl+z1=1, x1=0,
y1=0and z1=0), and the semiconductor multilayer structure
includes an Al ,Ga ,In_,N crystal layer (where x2+y2+z2=1,
x2=0, y2=0 and z2=0) that has grown from the vertical
growth region on the principal surface of the substrate struc-
ture.

In another preferred embodiment, the substrate structure
includes: a substrate body made of Al ,Ga,, In N crystals
(where x1+yl+zl=1, x1>=0, y1=0 and z1>0); and an
Al;Ga ;In ;N crystal layer (where x3+y3+z3=1, x3=0,
y3=0and z3>0), which has been formed on the upper surface
of the substrate body and of which the surface functions as the
principal surface of the substrate structure. And the semicon-
ductor multilayer structure includes an Al ,Ga, ,In_,N crystal
layer (where x2+y2+z2=1, x2=0, y2=0 and z2=0) that has
grown from the vertical growth region on the principal sur-
face of the substrate structure.

In still another preferred embodiment, the vertical and
lateral growth regions on the principal surface ofthe substrate
structure extend 1n stripes perpendicularly to the first direc-
tion.

In this particular preferred embodiment, the wvertical
growth region on the principal surface of the substrate struc-
ture 1s defined by a striped ridge portion that 1s present on the
principal surface of the substrate structure.

Alternatively or additionally, the nitride-based semicon-
ductor device further includes a mask layer that covers the
principal surface of the substrate structure. The mask layer
includes at least one striped opening, which 1s aligned with
the vertical growth regions, and masking portions, which are
aligned with the lateral growth regions.

In a specific preferred embodiment, the area of the opening
of the mask layer 1s greater than the overall area of the mask-

ing portions of the mask layer.

In still another preferred embodiment, the semiconductor
multilayer structure includes an active layer, of which the
bandgap 1s smaller than that of the Al ,Ga ,In ,N crystal
layer. The device further includes a current confining struc-
ture for injecting carriers 1nto a part of the active layer.

In this particular preferred embodiment, the current con-
fining structure 1s located right over the lateral growth regions
on the principal surface of the substrate structure.
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In yet another preferred embodiment, the Al ;Ga, ;In ;N
layer has a structure 1n which at least one of the mole fractions
x3, v3 and Zz3 of 1ts constituents changes 1n the thickness
direction thereof.

In a specific preferred embodiment, the Al ;Ga ;In ;N
includes at least two layers.

A method for fabricating a nitride-based semiconductor
device according to the present invention includes the steps
of: (A) providing a substrate structure, which has, on 1ts
principal surface, a plurality of vertical growth regions func-
tioning as a seed crystal for growing a nitride-based semicon-
ductor vertically and a plurality of lateral growth regions for
allowing the nitride-based semiconductor that has grown on
the vertical growth regions to grow laterally, the substrate
structure satistying the mnequality X/Y>1.0, where X 1s the
s1ze ol each said vertical growth region as measured 1n a first
direction, which 1s parallel to the principal surface of the
substrate structure, and Y 1s the size of each said lateral
growth region as measured in the first direction; and (B)
growing a nitride-based semiconductor layer on the principal
surface of the substrate structure.

In one preferred embodiment, the step (A) includes the step
of providing a water made of Al ;Ga,,In N crystals (where
x1+yl+z1=1,x1>=0, y1=0and z1 =0) as the substrate struc-
ture, and the step (B) includes the step of growing an
Al ,Ga,,In ,N crystal layer (where x2+y2+z2=1, x2=0,
y2=0 and z2=0), functioning as the nitride-based semicon-
ductor layer, from the vertical growth regions on the principal
surface of the substrate structure.

In another preferred embodiment, the step (A) includes the
steps of: (al) providing a water made of Al ,Ga , In_ N crys-
tals (where x1+yl+z1=1, x1=0, y1=0 and z1=0) as a sub-
strate body; and (a2) growing an Al ;Ga ;In_ ;N crystal layer
(where x3+y3+z3=1, x3=0, y3=0 and z3=0), of which the
surface Tunctions as the principal surface of the substrate
structure, on the upper surface of the substrate body. The step
(B) includes growing an Al ,Ga ,In,N crystal layer (where
x2+y2+72=1, x2=0, y2=0 and z2=0), functioning as the
nitride-based semiconductor layer, from the vertical growth
regions on the principal surface of the substrate structure.

In still another preferred embodiment, the vertical and
lateral growth regions on the principal surface of the substrate
structure extend in stripes perpendicularly to the first direc-
tion.

In this particular preferred embodiment, the vertical
growth regions on the principal surface of the substrate struc-
ture are defined by striped ridge portions that are present on
the principal surface of the substrate structure.

In a specific preferred embodiment, the step (A) includes
the steps of: covering the principal surface of the substrate
structure with a resist mask that has a pattern defining the
vertical growth regions; and selectively etching away
exposed portions of the principal surface of the substrate
structure that are not covered with the resist mask.

Alternatively or additionally, the device further includes a
mask layer that covers the principal surface of the substrate
structure. The mask layer includes striped openings, which
are aligned with the vertical growth regions, and masking
portions, which are aligned with the lateral growth regions.

In this particular preferred embodiment, the overall area of
the openings ol the mask layer 1s greater than that of the
masking portions of the mask layer.

In yet another preferred embodiment, the method further
includes the step (C) of forming a semiconductor multilayer
structure including the nitride-based semiconductor layer and
other semiconductor layers that have been stacked on the
nitride-based semiconductor layer. The step (C) includes the
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steps of (c1) forming an active layer, of which the bandgap 1s
smaller than that of the Al ,Ga,,In,,N crystal layer, and (c2)
forming a current confining structure for 1mjecting carriers
into a part of the active layer.

In this particular preferred embodiment, the step (c2)
includes the step of arranging the current confining structure
right over the lateral growth regions on the principal surface
of the substrate structure.

In yet another preferred embodiment, the step (a2) includes
the step of changing at least one of the mole fractions x3, y3
and z3 of the constituents ot the Al ;Ga ;In ;N layer 1n the
thickness direction thereof.

In a specific preferred embodiment, the Al ;Ga ;In ;N
layer includes at least two layers.

In yet another preferred embodiment, the step (a2) includes
the step of changing growth temperatures while the
Al ;Ga ;In ;N layer 1s growing.

In yet another preferred embodiment, at least one of X and
Y changes from one position to another on the principal
surface of the substrate structure as a water.

Eftects of the Invention

According to the present invention, electrical resistance to
a current tlowing across the principal surface of a substrate
can be reduced, thus increasing the reliability and production
yield of a nitride-based semiconductor device to be fabricated
by an epitaxial lateral overgrowth process.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional view illustrating a first preferred
embodiment of a nitride-based semiconductor device accord-
ing to the present invention.

FIGS. 2(a) and 2(b) are respectively a plan view 1llustrating,
the n-GalN substrate 101 of the semiconductor device shown
in FIG. 1 and a cross-sectional view as viewed on the plane
B-B'.

FIGS. 3(a) through 3(d) are cross-sectional views 1llustrat-

ing respective process steps for growing the n-GaN layer 102
shown 1n FIG. 1.

FIG. 4(a) 1s a graph showing a correlation between the
width X of seed portions and the voltage, and FIGS. 4(5) and
4(c) are graphs each showing a correlation between ZX/2Y
and the voltage.

FIG. 5 1s a cross-sectional view illustrating a modified
example of the semiconductor device shown 1n FIG. 1.

FIG. 6 1s a cross-sectional view illustrating a second pre-
ferred embodiment of a nitride-based semiconductor device
according to the present invention.

FIG. 7 1s a cross-sectional view illustrating a modified
example of the semiconductor device shown 1n FIG. 6.

FIG. 8 1s a cross-sectional view illustrating a third pre-
ferred embodiment of a nitride-based semiconductor device
according to the present invention.

FIG. 9 1s a cross-sectional view illustrating a modified
example of the semiconductor device shown 1n FIG. 8.

FI1G. 10 1s a cross-sectional view illustrating another modi-
fied example of the semiconductor device shown in FIG. 8.

FIG. 11 1s a cross-sectional view illustrating a fourth pre-
terred embodiment of a nitride-based semiconductor device
according to the present invention.

FIGS. 12(a) through 12(d) are cross-sectional views 1llus-
trating conventional epitaxial lateral overgrowth process
steps.

10

15

20

25

30

35

40

45

50

55

60

65

6

FIG. 13 1s a cross-sectional view 1llustrating a main portion
of a conventional semiconductor laser formed by an epitaxial
lateral overgrowth process to have air gaps.

DESCRIPTION OF REFERENCE NUMERALS

101 n-GaN substrate
102 n-GaN layer
103 S1N_

104 low-dislocation region

105 high-dislocation region

106 position of ridge stripe

107 polycrystalline GaN

201 n-AlGalN/GaN superlattice contact layer
202 n-AlGalN/GaN superlattice cladding layer
203 n-GaN optical guide layer

204 MQW active layer

205 p-GaN optical guide layer

206 p-AlGaN/GaN superlattice cladding layer

207 p-GaN contact layer
208 p-electrode

209 1nsulating film (510.,)
210 n-clectrode

211 void (combined portion)
601 n-AlGaN/GaN superlattice contact layer

602 n-AlGaN/GaN superlattice cladding layer
603 n-GaN optical gmide layer

604 MQW active layer

605 p-GaNlN optical guide layer

606 p-AlGalN/GaN superlattice cladding layer
607 p-GaN contact layer

608 p-clectrode

609 1nsulating film (510,)

610 n-clectrode

801 (Alln)GaN layer

1001 n-GaN substrate structure

1002 n-GaN layer

1003 S10,

1004 crystallimity deteriorated region

1007 polycrystalline GaN

1101 low-temperature (Alln)GaN layer

1102 high-temperature (Alln)GaNN layer

1201 (Alln)GaN layer with low carrier density
1202 (Alln)GaN layer with high carrier density
1203 n-GaN layer (low-carrier-density layer)
1204 n-GaN layer (high-carrier-density layer)

BEST MODE FOR CARRYING OUT TH
INVENTION

L1l

Hereinatter, preferred embodiments of a nitride-based
semiconductor device according to the present invention will
be described with reference to the accompanying drawings.

In the preferred embodiments to be described below, a
nitride-based semiconductor 1s supposed to be grown by an
MOVPE process. However, crystal growing processes that
can be used in the present invention include not only MOVPE
but also hydride vapor phase epitaxy (H-VPE) process,
molecular beam epitaxy (MBE) process and other known
methods for growing a nitride-based semiconductor.

Embodiment 1

First, referring to FI1G. 1, 1llustrated schematically 1s a cross
section of a nitride-based semiconductor device according to
a first specific preferred embodiment of the present invention.
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The semiconductor device shown in FIG. 1 includes a GaN
substrate 101 including multiple striped ridges on the princi-
pal surface thereof and an n-GaNlN layer 102 that has grown on
the GaN substrate 101. In an actual semiconductor device, a
number of nitride-based semiconductor layers are usually
stacked one upon the other on the n-GaN layer 102. However,
i the n-GaNlN layer 102 shown in FIG. 1 1s used as a channel
layer for transistors, a gate insulating film, an 1nterconnect
structure and so on are formed on the n-GaN layer 102.

The configuration of the GaN substrate 101 will be
described 1n further detail with reference to FIG. 2. Specifi-
cally, FIG. 2(a) 1s a top view illustrating the principal surface
of the GaNN substrate 101 of a nitride-based semiconductor
device and FIG. 2(b) 1s a cross-sectional view thereof as
viewed on the plane B-B'. As shown 1n FIG. 2, the respective
upper surfaces of the rndge portions that have been formed on
the principal surface of the GaN substrate 101 are “vertical
growth regions” functioming as a seed crystal for growing a
nitride-based semiconductor vertically. On the other hand,
the recesses are “lateral growth regions™ that allow the
nitride-based semiconductor, which has grown from the
respective upper surfaces of the ridge portions (1.e., the ver-
tical growth regions), to grow laterally. In this preferred
embodiment, the vertical growth regions and the lateral
growth regions are arranged alternately and periodically par-
allel to the principal surface of the substrate as pointed by the
arrow A (1.¢., 1n the first direction) in FIG. 2(a). Theends 101a
and 1015 of the GaN substrate 101 are faces that are exposed
by cutting or cleaving a GaN water. Even 1f those “vertical
growth regions” and “lateral growth regions” of the same size
are arranged periodically on a single GaN wafer, the size of
the “vertical growth region” or “lateral growth region”
located at the end 101a or 1015 of the GaN substrate 101 1s
usually smaller than that of the other ““vertical growth
regions’ or “lateral growth regions™ that are not located at the
ends 101a and 1056 of the GaN substrate 101 when the GaN
waler 1s divided into multiple chip substrates.

Suppose the size of each of those vertical growth regions as
measured 1n the direction pointed by arrow A (1.e., 1n the first
direction) 1s X and the size of each of those lateral growth
regions as measured 1n the first direction 1s Y. Also, the sum of
the respective sizes of the vertical growth regions included in
a single semiconductor device 1s represented by 2x and the
sum of the respective sizes of the lateral growth regions
included 1n a single semiconductor device 1s represented by
2v. In that case, the principal surface of the n-GalN substrate
101 has been patterned in this preferred embodiment so as to
satisty the inequality 2X/2Y>>1.0. In this preferred embodi-
ment, the vertical growth regions and the lateral growth
regions extend in stripes perpendicularly to the first direction
(1.e., 1n a second direction). That 1s why the size measured 1n
the direction pointed by the arrow A (1.e., in the first direction)
will sometimes be referred to herein as the “width”.

The raised and recessed structure on the principal surface
of the n-GaN substrate 101 shown 1n FIG. 2 can be formed by
known photolithography and etching techniques. In this pre-
ferred embodiment, first, an n-GaN wafer 101 with a substan-
tially flat surface 1s provided and the principal surface of the
n-GalN watfer 101 1s covered with aresist layer. Next, the resist
layer 1s subjected to an exposure process using a photomask
with a striped pattern, and then developed, thereby defimng a
resist mask (not shown) that has striped openings. Thereafter,
exposed portions of the principal surface of the n-GaN wafer
101, which are not covered with the resist mask, are selec-
tively etched away, thereby forming the recesses shown in
FIG. 2 on the principal surface of the n-GalN water 101. After
that, the resist mask 1s removed.
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In this preferred embodiment, the principal surface of the
n-GaNN substrate 101 1s a (0001) plane. Also, 1n this pretferred
embodiment, the pattern of the resist mask 1s defined such that
the width Y of the recesses (1.¢., the s1ze measured 1n the first
direction) becomes approximately equal to 10 um and that the
width of the nndges (1.¢., the size measured 1n the first direc-
tion) becomes approximately equal to 7 um.

After the resist mask has been stripped, an SiN, layer 1s
deposited over the entire surface of the water by a plasma
CVD process. Thereatter, a resist 1s deposited for planariza-
tion purposes on the wafer 101 covered with the SiN_ layer.
Subsequently, the resist and SiN_ layer are etched back until
the top of the n-GaN water 101 (i.e., the upper surface of the
ridge portions) 1s exposed, thereby forming a mask layer 103
of the SIN__layer only 1in the recesses. After that, the remaining
resist 1s removed with an organic solvent, for example.

According to this method, only the recesses on the princi-
pal surface ol the substrate can be selectively covered with the
mask layer 103, and the upper surface of the exposed ridge
portions functions as a seed for crystal growth. This mask
layer 103 will function as a selective growth mask 1n the
process step of selectively growing a nitride-based semicon-
ductor laterally as will be described later. That 1s why the
mask layer 103 1s preferably made of a material that does not
allow the nitride-based semiconductor to grow easily on 1ts
surface.

Next, the n-GaN watfer 101 having the structure shown 1n
FIG. 2 1s loaded into the growth chamber of an MOVPE
system to grow an n-type GaN layer 102 on the upper surface
of the ndge portions (1.e., from seed portions) at 1,050° C. by
an MOVPE process. In this preferred embodiment, SiH,, 1s
used as an n-type dopant. The GaN layer 102 grows not only
vertically on the ridge portions (i.e., perpendicularly to the
principal surface of the substrate) but also parallel to the
principal surface of the water (i.e., laterally). In this manner,
the GaN layer 102 expands toward, and reaches over, the
recesses where the mask layer 103 1s embedded.

As a result of this selective growth, the GaN crystals that
have grown from the upper surface of each ridge portion 1s
combined with the GaN crystals that have grown from the
upper suriace of its adjacent ridge portion, thereby forming a
single n-GaN layer 102 eventually.

As shown 1n FIG. 1, the n-GaN substrate 101, of which the
principal surface 1s already covered with the n-GaN layer 102,
has a plurality of air gaps between the recesses on the princi-
pal surface of the substrate and the n-GaN layer 102. Those air
gaps are arranged in stripes in the direction 1 which the
striped ridge portions extend.

As described above, the respective GalN crystals that have
grown from those ridge portions are combined with each
other substantially at the center of the air gaps. It should be
noted that the growth rates of the n-GaN crystals in the a-axis
direction (1n the lateral direction) and 1n the c-axis direction
(1n the vertical direction) are controllable by adjusting the
concentration of a dopant to be mtroduced into the GalN
crystals.

As shown 1n FIG. 1, the n-GaN layer 102 includes low-
dislocation regions 104 having a relatively low density of
dislocations and high-dislocation regions 105 having a rela-
tively high density of dislocations. The high-dislocation
regions 105 are located on the ridge portions on the principal
surface ol the substrate, while the low-dislocation regions 104
are located over the air gaps. In some of the air gaps, poly-
crystalline GalN 107 may have grown on the mask layer 103.
When the selective growth process 1s carried out to form the
n-GalN layer 102, conditions to limit the growth of nitride
semiconductor crystals on the mask layer 103 are adopted but
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the polycrystalline GaN 107 may still be produced partially. IT
the growth rate of the polycrystalline GaN 107 1s low or 1f the
recesses on the principal surface of the substrate are suilfi-
ciently deep, then the formation of the n-GaN layer 102 1s not
interfered with by the polycrystalline GaN 107.

In the example 1llustrated 1n FIG. 1, a ridge stripe 106 1s
arranged on a low-dislocation region 104 of the n-GaN layer
102. The ridge stripe 106 has as low a density of dislocations
as the underlying low-dislocation region 104 and 1s a semi-
conductor region with excellent crystallimity. Therefore, the
ridge stripe 106 1s used as the active region of a semiconduc-
tor device, which needs to have a particularly high degree of
crystallinity.

Hereinafter, 1t will be described 1n further detail with ref-
erence to FIGS. 3(a) through 3(d) how the n-GaNN layer 102
grows. In FIGS. 3(a) through 3(d), only a portion of a wafer,
which will eventually be used in the semiconductor device
shown 1n FIG. 1, 1s 1llustrated.

First, as shown 1n FIG. 3(a), an n-GaN water 101, of which
the principal surface has recesses and in which the bottom and
side surface of the recesses are covered with amask layer 103,
1s provided and loaded into the chamber of an MOVPE sys-
tem. The n-GaN water 101 shown 1n FIG. 3(a) corresponds to

the n-GaN substrate 101 shown 1n FIG. 2(a).

Thereafter, the principal surface of the n-GaN wafer 101 1s
subjected to a heat treatment process at a temperature of about
500° C. to about 1,100° C. (1.e., thermal cleaning). This heat
treatment process may be carried outat 750° C. for atleast one
minute, preferably five minutes or more. During this heat
treatment process, a gas including nitrogen (N) atoms such as
N,, NH; or hydrazine gas 1s preferably supplied into the
chamber.

After the heat treatment process, an n-GaN layer 102 1s
selectively grown on the ridge portions at a temperature of
about 1,050° C. by an MOVPE process. FIG. 3(b) shows the
n-GalN layer 102 growing. At this point 1n time, the n-GaN
crystals that have grown on the respective ridge portions still
have a striped shape and have not been combined together to
form a single layer. Subsequently, i1f the n-GaNlN crystals are
turther grown as shown 1n FI1G. 3(¢), then a single continuous

n-GaNN layer 102 can soon be formed as shown 1n FIG. 3(d).

In this manner, 1f n-GaN crystals 102 are grown on the
n-GalN wafer 101, including ridge portions or recesses as
shown in FI1G. 3(a), by an MOVPE process, then GaN will not
grow epitaxially on the regions that are covered with the mask
layer 103 but will be selectively grown epitaxially on the
ridge portions (seed portions) of the n-GaN water 101, which
are exposed through the openings of the mask layer 13. Each
ol the crystallographic planes functioning as the seed portions
1s a (0001) plane just like the principal surface of the water
and may be formed 1n a striped shape with a width of about 7
L.

When the n-GaN crystals are selectively grown laterally in
this manner, the polycrystalline GaN 107 1s sometimes Crys-
tallized on the mask layer 103 1n the recesses as shown 1n FIG.
3(b). Particularly 11 droplets of Ga or GaN have been depos-
ited on the mask layer 103 in the recesses as a result of the heat
treatment process (1.e., thermal cleaning) to be carried out
betfore the crystals are formed, then the polycrystalline Ga
1077 can grow easily on the mask layer 103 from those drop-
lets. However, the polycrystalline GaN 107 that has grown on
the mask layer 103 has a smaller height than the ridge por-
tions, and therefore, does not affect the crystallinity of the
n-GaNlN crystals 102 that has grown laterally from the upper
surface of the ridge portions. From this viewpoint, the
recesses preferably have a depth of at least 500 nm.
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A currently available n-GaN water 101 has a density of
dislocations of about 5x10° ¢cm™>. However, in a laterally
grown portion of the n-GaNlN layer 102, the density of dislo-
cations can be lower than that of the watfer by at least one
order of magnitude. As a result, the reliability of the resultant
semiconductor device can be increased significantly. In addi-
tion, by performing the process steps shown in FIGS. 3(a)
through 3(d), the unwanted effects that would be caused by
the scratches on the principal surface of the n-GaN water 101
can be reduced, too. The principal surface of the n-GaN wafer
101 usually has a lot of scratches (with a depth of approxi-
mately several tens of nm) that have been made here and there
as a result of a polishing process. That 1s why 11 GaN crystals
were grown on the principal surface of the n-GaN water 101
as 1t 1s, then the resultant GaN crystal layer would have a
noticeably waving surface due to the influence of those
scratches. However, if those striped recesses (to be the air
gaps) are made on the GaN wafer 101 as 1s done 1n this
preferred embodiment, then GalN crystals grown on those
recesses will not be affected by the scratches. Although the
ridge portions are easily aifected by the unevenness on the
principal surface of the wafter, the laterally grown portions are
hardly atfected by that unevenness. Due to these effects, the
method shown i FIGS. 3(a) through 3(d) can increase the
degree of planarity of the surface of the GaN crystals greatly.

As described above, according to this preferred embodi-
ment, 2X/2Y 1s preferably set to be at least greater than 1.0,
more preferably greater than 2.0, and even more preferably

greater than 3. The effects achieved by this setting will be
described.

First, referring to FIGS. 4(a) through 4(c), shown are a
curve representing a correlation between the width X of the
seed portion and the voltage and curves representing correla-
tions between 2X/2Y and the voltage. The differences
between the curves shown in FIGS. 4(b) and 4(c) lie in the
scale and the range of the axis of abscissas.

As can be seen from FIG. 4, 1f the width X of each of the
crystal growth seed portions (1.e., the vertical growth regions)
1s increased and the width Y of each of the recesses (1.e., the
lateral growth regions) 1s decreased on the principal surface
of the n-GaN substrate 101, then the voltage to be applied to
produce the same amount of current can be reduced. This 1s
because as 2X/2Y 1s increased, the overall area of the regions
where the current can flow vertically increases on the princi-
pal surface of the substrate. The larger the area of a current
flowing region, the lower the resistance. As a result, the volt-
age to be applied to produce the same amount of current
between the electrodes can be reduced.

Suppose the operating current of a semiconductor laser 1s
defined at 100 mA, for example. In that case, to reduce the
increase 1n voltage due to the resistance of the principal
surface of the substrate to 0.01 V or less, the seed portion may
have a width of 6 um or more. And 11 this voltage increase 1s
equal to or smaller than 0.01 V, the decrease 1n the rehiability
ol the semiconductor laser can be avoided. It should be noted
that each of the lateral growth portions of the n-GaN layer 102
preferably has a width (which will be referred to herein as a
“wing width”) of at least 6 um. Accordingly, if the lateral
growth portion should have a horizontally symmetrical
shape, the recess preferably has a width Y of about 12 um.
However, 11 the asymmetrical lateral growth process 1s carried
out as shown 1n FIG. 5, the width of one of the two lateral
growth portions can be expanded effectively. As a result, the
width of the recess can be reduced without reducing the wing
width.

It should be noted that to reduce the electrical resistance,
the number of air gaps (1.e., recesses) between the n-GaN
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substrate 101 and the n-GaN layer 102 is preferably as small
as possible. That 1s why the air gaps are preferably created
only right under the regions where the density of dislocations
needs to be decreased (1.e., current confining structure). Ifone
air gap 1s provided for a single semiconductor laser in this
manner, then 2x/2Y will have a large value that 1s greater than
1.0 but equal to or smaller than 30. The present inventors
discovered and confirmed via experiments that 2x/2Y 1s pret-

erably at least equal to 2 and more preferably 3 or more. I a
single lateral growth region 1s defined 1n a single substrate for
one semiconductor device and 1s sandwiched between two
vertical growth regions on the right- and left-hand sides
thereol, then Zx/2Y can be set to be at least equal to 6 (e.g., 9
or more). This 1s beneficial because the greater 2x/2Y, the
lower the applied voltage can be as can be seen from FIG.
4(c).

On the surface of a GaN waler, there are a number of
scratches as described above. Thus, it was commonly
believed in the art that the size X of the vertical growth regions
be minimized. It was also believed that as crystal regions that
have grown on the vertical growth regions have a relatively
low degree of crystallinity, the greater their size X, the more
badly the crystal regions grown on the lateral growth regions
are affected. However, the present inventors discovered and
confirmed via experiments that even 1f the size X of the
vertical growth regions was increased, the degree of crystal-
linity of the crystal regions grown on the lateral growth
regions did not deteriorate. This 1s probably because since the
GaN water 101, of which the material 1s homogeneous with
that of the n-GaN layer 102, 1s used, almost no stress (or
strain) should be caused between them. That 1s to say, even 1f
the lateral growth 1s produced to decrease the density of
dislocations locally, the number of dislocations that have
been produced 1n the vertical growth regions and then reached
the low-dislocation portions of the lateral growth regions can
be reduced significantly. Among other things, since the den-
sity of dislocations in the GaN wafer 101 for use in this
preferred embodiment has been reduced to 10" cm™ or less,
the number of dislocations reaching the low-dislocation por-
tions can be reduced even more significantly. Consequently,
the air gaps may be arranged only under the regions where the
current confining structure will be formed.

In this manner, the number of unnecessary air gaps 1s
preferably minimized either by eliminating the air gaps
entirely from where there 1s no need to provide the current
conflning structure or by reducing the areas of the air gaps, 1f
any. By removing those unnecessary air gaps, the degree of
close constant between the waiter and the semiconductor mul-
tilayer structure can be increased significantly. As a result,
when the water 1s cleaved by drawing scribe lines, the number
of collapsing air gaps can be reduced and the scribe lines can
be drawn uniformly even inside the substrate structure. Con-
sequently, the semiconductor multilayer structure will come
off the wafer much less often during the processing steps of
polishing and mounting, the walfer can be cleaved more sat-
isfactorily, and the yield can be increased.

In this preferred embodiment and other preferred embodi-
ments to be described later, an n-GaN substrate 1s used. How-
ever, the substrate structure for supporting the semiconductor
multilayer structure does not have to be the n-GalN substrate
but may also be a structure made of Al ,Ga,, In | N crystals
(where x1+yl+z1=1, x1=0, y1=0 and z1=0). Likewise, the
nitride semiconductor layer to be selectively grown laterally
on the substrate structure does not have to be the n-GaN layer
but may also be an Al ,GaIn N crystal layer (where

x2+y2+z2=1, x2=0, y2=0 and z2=0).

10

15

20

25

30

35

40

45

50

55

60

65

12

In the preferred embodiment described above, the mask
layer 103 covers both the bottom and side surface of each
recess. Alternatively, only the bottom of each recess may be
covered with the mask layer 103. Also, the mask layer 103
does not have to be made of SiN_ but may also be made of
another dielectric material or amorphous insulator. Even by
using a mask layer made of S10,,, S1ION, Al,O,, AION, Ti0,,
Zr0, or Nb,O., to name a few, the selective lateral growth 1s
also realized.

It should be noted that even 11 the bottom of the recess 1s not
covered with the mask layer, the growth of a nitride semicon-
ductor on the bottom of the recess can sometimes be con-
trolled. That 1s why the bottom of the recess should be, but
does not always have to be, covered with the mask layer.
Furthermore, the present invention 1s also effectively appli-
cable to even a situation where a substrate having the conven-
tional structure that has already been described with reference
to FIG. 12 1s used. That 1s to say, even when the substrate
shown 1n FI1G. 12 15 used, the resistance to be produced when
current flows across the principal surface of the substrate can
also be reduced by setting 2X/2Y preferably greater than 1.0,
more preferably greater than 2.0, and even more preferably
greater than 3.

The same statement will apply to all of the other preferred
embodiments to be described later.

Embodiment 2

Heremnatter, a second preferred embodiment of a nitride-
based semiconductor device according to the present inven-
tion will be described with reference to FI1G. 6, which sche-
matically 1llustrates a cross-sectional structure of a nitride
semiconductor laser according to this preferred embodiment.

The semiconductor laser illustrated 1n FIG. 6 includes an
n-GalN substrate 101 with a striped recess on its principal
surface and a semiconductor multilayer structure that has
been grown on the GaN substrate 101. The lowermostlayer of
the semiconductor multilayer structure 1s an n-GaN layer 102
that has been grown on the n-GaNlN substrate 101. The n-GaN
substrate 101 and the n-GaN layer 102 of this preferred
embodiment are made by the same method as the counter-
parts of the first preferred embodiment described above.

The semiconductor multilayer structure i1s formed by
stacking an n-AlGaN/GaN superlattice contact layer 201, an
n-AlGaN/GaN superlattice cladding layer 202, an n-GaN
optical guide layer 203, a multiple-quantum well (MQW)
active layer 204, a p-GaN optical guide layer 205, a p-AlGaN/
GaN cladding layer 206 and a p-GaN contact layer 207 1n this
order on the n-GaN layer 102. These mitride-based semicon-
ductor layers can be grown effectively by an MOVPE pro-
CEeSS.

The p-GaN contact layer 207 and the p-AlGaN/GaN clad-
ding layer 206 have been patterned so as to define a ridge
stripe, which may have a width (a strip width) of about 2 um.
The top of the semiconductor multilayer structure 1s covered
with an insulating film 209, which has a striped opening over
the ridge stripe. Through the opening of the mnsulating film
209, a portion of the upper surface of the p-GaN contact layer
207 1s electrically 1n contact with a p-electrode 208. An
n-electrode 210 1s arranged on the back surface of the n-GaN
substrate 101.

The shape and location of the ridge stripe (more exactly, the
shape and location of the opening of the insulating {ilm 209)
define the current (or carrier) injection region of the active
layer 204. In this preferred embodiment, the opening of the
insulating film 209 1s arranged right over the low-dislocation
region of the n-GaN layer 102. Therefore, 11 a predetermined
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voltage 1s applied between the p- and n-electrodes 208 and
210, the carriers, 1njected from the electrodes 208 and 210,
will flow selectively through a portion of the MQW active
layer 204 that 1s located right over the recess (1.e., air gap) of
the substrate. That portion of the semiconductor multilayer
structure, located right over the recess (air gap) on the prin-
cipal surface of the substrate, has a lower density of disloca-
tions and other defects than the other portions. Also, the ridge
stripe 1s preferably arranged right over the air gap but not just
over the void 211 at the combined portion of the n-GaN layer
102. As shown in FIG. 6, there 1s a dislocation extending
straight upward from this void 211.

In the semiconductor laser of this preferred embodiment,
when a voltage 1s applied between the n- and p-electrodes 210
and 208, holes are 1njected from the p-electrode 208 toward
the MQW active layer 204 and electrons are injected from the
n-clectrode 210 toward the MQW active layer 204. As a
result, a gain 1s produced 1n the MQW active layer 204 and
laser oscillation 1s produced in a wavelength range 1n the
vicinity of 400 nm. In this preferred embodiment, a single
recess 1s arranged under the current confining structure and
2X/2Y 1s defined within the range of 1.0 to 30. More specifi-
cally, the sum of the sizes X1 and X2 shown 1n FIG. 6 1s set
equal to about 120 um to about 400 um and the size Y 1s set
equal to about 20 um to about 40 um. Consequently, 2 X/ XY=
(X1+X2)/Y falls within the range of 6 to 10. Thus, 1n this
preferred embodiment, the injected current flows vertically at
a significantly reduced resistance compared to the conven-
tional one. As a result, the voltage to be applied between the
clectrodes can be reduced.

In this preferred embodiment, the density of dislocations in
the semiconductors right over the air gap 1s also lower than
that of dislocations in the GalN substrate 101 by at least one
order of magnitude and the influence of scratches on the
principal surface of the GalN substrate 101 can also be
reduced sigmificantly.

The nitride-based semiconductor device of the preferred
embodiment described above 1s a semiconductor laser with a
current confining structure such as a ridge stripe. However,
the present mvention 1s 1 no way limited to that specific
preferred embodiment. Alternatively, the present invention
may also be applied to a light-emitting diode (LED) that
needs no current confining structure. Even 1 an LED, by
reducing the size of the air gap (recess), the electrical resis-
tance can also be reduced overall when current 1s made to flow
across the principal surface of 1ts substrate.

In the semiconductor laser of this preferred embodiment,
the p- and n-electrodes 208 and 210 are arranged on the
opposite sides of the substrate 101 as shown 1n FIG. 6. Alter-
natively, the p- and n-electrodes 208 and 210 may be arranged
on the same side (1.¢., onthe principal surface) of the substrate
101. According to the conventional ELO process, a thick film
needs to be formed to reduce the electrical resistance with
respect to current flowing parallel to the principal surface of
the substrate. However, according to the present invention,
the area of the air gap portion can be reduced and therefore the
clectrical resistance with respect to the laterally flowing cur-
rent can also be reduced overall. As a result, the long crystal
growth process, which had to be carried out to form the thick
film, can be shortened, thus increasing the throughput of the
manufacturing process. It should be noted that even when
arranged on the back surface of the substrate 101, the n-elec-
trode does not have to cover the back surface entirely but may
cover the back surface only partially as shown 1n FIG. 7.

There 1s a void at the combined portion 211 of the n-GaN
layer 102 that has grown laterally and dislocations are easily
produced in the vicinity of the combined portion 211. Even in
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the n-GaN layer 102, leakage current 1s easily generated at
and around the combined portion 211. That 1s why to reduce
the threshold current of the semiconductor laser and increase
the long-term reliability thereof, a structure that prevents
current from flowing through the combined portion 211 1s
preferably adopted. In the example 1llustrated in FIG. 7, the
n-electrode 210 and the current confining structure such as a
ridge stripe are arranged on the same side with respect to the
combined portion 211. By adopting such an arrangement, it 1s
possible to prevent the current path from crossing the dislo-
cations that are present around the combined portion 211.

Embodiment 3

Herematter, a third preferred embodiment of a nitride-
based semiconductor device according to the present inven-
tion will be described with reference to FIG. 8.

The arrangement of this preferred embodiment 1s different
from that shown in FIG. 1 1n that a GaN layer 801 (with a
thickness of 1 um) 1s further provided on the surface of the
n-GalN substrate 101 according to this preferred embodiment.
Specifically, after the GaN layer 801 has been grown on the
principal surface of the n-GaN watfer 101, a striped ridge 1s
formed on the principal surface of the wafler by the method
that has already been described for the first preferred embodi-
ment.

In this preferred embodiment, the ridge portion (corre-
sponding to a raised portion of the resist) has a width X of
about 20 um and the recess has a width 'Y of about 5 um. The
bottom and side surface of the recess are covered with a mask
layer 103 of S10, that has been deposited by ECR sputtering
process or thermal CVD process.

The n-GaNN layer 102 1s also selectively grown laterally by
the same method as that already described for the first pre-
terred embodiment. In this preferred embodiment, 2X/2Y 1s
defined approximately equal to eight.

Heremnaftter, 1t will be described how the GalN layer 801 on
the n-GalN wafer 101 works.

As described above, the principal surface of the n-GaN
waler 101 has scratches, damage and so on that were made
during the polishing process. However, the principal surface
of the GaN wafer has not only such surface damages that were
caused by the polishing process but also variations 1n crystal-
lographic orientations that were caused while the GaN wafer
itself was made. For that reason, if a GalN layer were epitaxi-
ally grown directly on such a GaN water, the resultant GalN
layer might have a decreased degree of surface planarity or
morphology. To avoid those unwanted eflects caused by the
state of the principal surface of the water, a butler layer such
as the GaN layer 801 1s preferably inserted between the GaN
waler 101 and the n-GaN layer 102.

By inserting such a butfer layer, the degree of unevenness
on the uppermost surface of the substrate structure can be
reduced and the degree of planarity of 1ts crystal faces can be
increased. In addition, the unwanted effects that could be
caused by the vanations in crystallographic orientations on
the principal surface of the GaN water can also be reduced.

The GaN layer 801 may have a multilayer structure. FIG. 9
illustrates a structure 1n which a low-temperature GalN layer
1101 has been grown at a temperature of about 500° C. to
about 600° C. on the n-GaN wafer 101 and then a high-
temperature GalN layer 1102 has been grown thereon at a
temperature of about 1,000° C. to about 1,100° C. By growing
the low-temperature GalN layer 1101, the effects that could be
caused by the defects 1n the n-GaN water 101 can be mini-
mized. In addition, the degree of crystallinity can be increased
by the high-temperature GalN layer 1102. As a result, the
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density of defects 1n the n-GaN layer 102 that has grown on
the high-temperature GaN layer 1102 can be further reduced.

FI1G. 10 1llustrates a structure in which a GaN layer having
non-uniform dopant concentrations or carrier densities in the
thickness direction has been formed on the GaN wafer 101.
Specifically, on the GaN watfer 101, stacked are an (Alln)GaN
layer 1201 having a relatively low carrier density of about
5x10'" ¢cm™ and an (Alln)GaN layer 1202 having a relatively
high carrier density of about 1x10'" cm™. As used herein, the
“(Alln)GaN layer” refers to a GaN layer and a nitride-based
semiconductor layer in which at least a portion of Ga 1n the
GaN layer has been replaced with Al or In.

In this preferred embodiment, only the (Alln)GaN layer
1202 having the relatively high carrier density has the
recesses. Alternatively, the bottom of the recesses may reach
the (Alln)GaN layer 1201 having the relatively low carrier
density.

The n-GaN layer 102 may be grown by the same method as
that already described for the first preferred embodiment.

If the (Alln)GaN layer 1201 having the relatively high

carrier density were grown directly on the principal surface of
the GaN water 101, then dislocations would be produced in
GaN crystals having the high carrier density and its degree of
crystallinity would decrease. For that reason, during the 1ni-
tial stage of growth of (Alln)GaN crystals on the principal
surface of the GaN water 101, the crystals are preferably
grown under such conditions as to make the carrier density as
low as possible.

In the example 1llustrated 1n FIG. 10, the GaN layer 1201
having the relatively low carrier density 1s formed on the GaN
waler 101 first. However, since the rndge portion with the
narrow stripe width has a high carrier density, the electrical
resistance has also been reduced sulliciently.

The exposed surface of the (Alln)GaN layer 1202 having
the relatively high carrier density functions as the seed por-
tions, from which the n-GaNlN layer 102 grows not only verti-
cally but also laterally as well. The n-GaN layer 102 does not
have to have a uniform carrier density but may have a distri-
bution, too. For example, a GaN layer 1203 having a rela-
tively low carrier density of 5x10"" cm™ or less may be
tormed during an 1nitial stage of the growth process and then
a GalN layer 1204 having a relatively high carrier density of
about 5x10"” cm™ may be stacked thereon.

The (Alln)GaN layer 1202 having the relatively high car-
rier density preferably has a thickness of 50 nm to 500 nm,
while the GaN layer 1203 having the relatively low carrier
density preferably has a thickness of 50 nm to 1,000 nm.

The buffer layer to be mnserted between the n-GaN layer
102 and the GaN substrate 101 does not have to be a GaN
layer but may also be made of a matenal represented by
Al ;Ga ;In ;N (where x3+y3+z3=1, x3=0, y3=0 and
z3=0).

A substrate with such a butier layer and a substrate with no
butter layer will be collectively referred to herein as “sub-
strate structures”. That 1s to say, the “substrate structure” may
refer to only a substrate body made of Al ,Ga,, In_ N crystals
(where x1+y1+z1=1, x1=0, y1=0 and z1=0) or a structure
including an Al ;Ga ;In ;N crystal layer (where x3+y3+
z3=1, x3=0, y3=0 and z3=0) on the upper surface of such a
substrate body. If the Al ;Ga ;In ;N crystal layer (where
x3+y3+z3=1,x3>0, y3=0 and z3=0) has been formed on the
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uppermost surface of such a substrate body, then a particular
region on the surface of this crystal layer will function as a
“vertical growth region”.

Embodiment 4

Hereinatter, a fourth preferred embodiment of a nitride-
based semiconductor device according to the present inven-
tion will be described with reference to FIG. 11.

In the example illustrated 1in FIG. 11, each of multiple
recesses on the principal surface of the GaN water 101 has a
width of about 5 um but the widths of the ridge portions
(raised portions) change from one position to another. That 1s
to say, the widths of the ridge portions are relatively small
near the outer periphery of the water but gradually increase
toward the center of the water. In the other respects, the
arrangement shown 1n FIG. 11 is the same as that of the first
preferred embodiment that has already been described with
reference to FIG. 1.

By adopting such an arrangement, not only can the density
of dislocations 1n the GalN water 101 be reduced by at least
one order of magnitude but also can be the warp of the wafer
due to a difference in lattice constant between the water and
the semiconductor multilayer structure be reduced as well.

In general, if an n-GaN water 101 1s heated to a crystal
growing temperature of 1,000° C. to 1,100° C. and then
cooled to room temperature, the water will usually be warped
due to a difference in lattice constant between the water and
the semiconductor multilayer structure. The warp direction of
the water changes depending on whether the lattice constant
of the semiconductor multilayer structure 1s smaller than that
of the GaN watfer 101 or greater than 1it.

If the lattice constant of the semiconductor multilayer
structure 1s greater than that of the GaN water 101, the ridge
portions preferably have variable widths that decrease toward
the outer periphery of the water. This 1s because the stress on
the periphery of the water can be reduced by doing so. On the
other hand, 11 the lattice constant of the semiconductor mul-
tilayer structure 1s smaller than that of the GaN water 101, the
ridge portions preferably have variable widths that increase
toward the outer periphery of the water. In that case, X/Y may
be set approximately equal to 0.5 at the center of the water and
approximately equal to 2.0 on the periphery of the wafer,
respectively.

Alternatively, similar effects are achievable even by mak-
ing the widths of the ridge portions (i.e., raised portions)
constant irrespective of the position and changing the widths
of the recesses from one position on the wafer to another.
However, 11 the widths of the recesses were increased exces-
stvely, then the crystal growing process needed to combine
the n-GaN layer 102 might be too long to finish. That 1s why
the widths are preferably adjusted within an appropnate
range. In that case, X/Y may be set approximately equal to 0.5
at the center of the water and approximately equal to 1.0 on
the periphery of the waler, respectively.

INDUSTRIAL APPLICABILITY

A nitride-based semiconductor device according to the
present invention can be used effectively as a light source for
an optical recorder, an optical display (laser display) device
and so on that need a highly reliable GalN based semiconduc-
tor laser. The present mvention is also effectively applicable
for use 1n laser cutting, medical treatments, and so on. Fur-
thermore, 1 the present invention 1s applied to another nitride-
based semiconductor device including an active region such
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as a channel region, then the channel can have a much smaller
number of defects. As a result, a high-reliability device 1s
realized.

The mvention claimed 1s:

1. A nitride-based semiconductor device comprising: a
substrate structure with electrical conductivity; and a semi-
conductor multilayer structure that 1s supported on the sub-
strate structure,

wherein the principal surface of the substrate structure has

at least one vertical growth region, which functions as a
seed crystal for growing a nitride-based semiconductor
vertically, and a plurality of lateral growth regions for
allowing the nitride-based semiconductor that has
grown on the vertical growth region to grow laterally,
and

wherein the sum 2X of the respective sizes of the vertical

growth regions as measured 1n a first direction, which 1s
parallel to the principal surface of the substrate structure,
and the sum X2Y of the respective sizes of the lateral
growth regions as measured 1n the first direction satisty
the inequality 2X/2Y>1.0,

wherein the vertical and lateral growth regions on the prin-

cipal surface of the substrate structure extend in stripes
perpendicularly to the first direction, and

wherein the vertical growth region on the principal surface

of the substrate structure 1s defined by a striped ridge
portion that 1s present on the principal surface of the
substrate structure.

2. The nitnnde-based semiconductor device of claim 1,
wherein the substrate structure 1s made of Al Ga  In, N
crystals (where x1+y1+z1=1, x1=0, y1=0 and z1=0), and

wherein the semiconductor multilayer structure includes

an Al ,Ga ,In N crystal layer (where x2+y2+72=1,
x2=0, y2=0 and z2=0) that has grown from the vertical
growth region on the principal surface of the substrate
structure.

3. The nitride-based semiconductor device of claim 2,
wherein the semiconductor multilayer structure includes an
active layer, of which the bandgap 1s smaller than that of the
Al ,Ga ,In N crystal layer, and
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wherein the device further includes a current confining
structure for injecting carriers mto a part of the active
layer.

4. The nitride-based semiconductor device of claim 3,
wherein the current confiming structure 1s located right over
the lateral growth regions on the principal surface of the
substrate structure.

5. The nitride-based semiconductor device of claim 1,
wherein the substrate structure includes:

a substrate body made ot Al ,Ga,,In N crystals (where

x1+yl+z1=1, x1=0, y1=0 and z1=0); and

an Al ;Ga ;In ;N crystal layer (where x3+y3+z3=1,

x3=0, y3=0 and z3=0), which has been formed on the
upper surface of the substrate body and of which the
surface functions as the principal surface of the substrate
structure, and

wherein the semiconductor multilayer structure includes

an Al ,Ga, In N crystal layer (where x2+y2+z2=1,
x2=0, y2=0 and z2=0) that has grown from the vertical

growth region on the principal surface of the substrate
structure.

6. The nitride-based semiconductor device of claim 5,
wherein the Al ,Ga, ;In ;N layer has a structure in which at
least one of the mole fractions x3, y3 and z3 of its constituents
changes 1n the thickness direction thereof.

7. The nitride-based semiconductor device of claim 6,
wherein the Al ;Ga, ;In ;N layer includes at least two layers.

8. The nitride-based semiconductor device of claim 1, fur-
ther comprising a mask layer that covers the principal surface
of the substrate structure,

wherein the mask layer includes a striped opening, which 1s

aligned with the vertical growth region, and masking
portions, which are aligned with the lateral growth
regions.

9. The nitride-based semiconductor device of claim 8,
wherein the area of the opening of the mask layer 1s greater
than the overall area of the masking portions of the mask
layer.
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